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HIGHLIGHTS 


•  Cu-Co  spinel  layer  was  deposited  on  AISI  430  by  sol-gel  dip-coating  process. 

•  CuCo204  coating  greatly  improves  the  oxidation  resistance  of  AISI  430  alloy. 

•  CuCo204  layer  has  an  acceptable  conductivity  and  long-term  stability  during  oxidation. 

•  Applied  coating  acted  as  an  effective  barrier  to  Cr  outward  diffusion. 
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The  conductive  CuCo204  spinel  coating  is  applied  on  the  surface  of  the  AISI  430  ferritic  stainless  steel  by 
the  dip-coating  sol-gel  process  and  it  is  evaluated  in  terms  of  the  microstructure,  oxidation  resistance 
and  electrical  conductivity.  The  results  show  that  the  CuC0204  coating  forms  a  double-layer  scale  con¬ 
sisting  of  a  Cr,  Fe-rich  subscale  and  Cu-Co  spinel  top  layer  after  500  h  in  air  at  800  °C.  This  scale  is 
protective,  acts  as  an  effective  barrier  against  Cr  migration  into  the  outer  oxide  layer  and  alleviates  the 
cathode  Cr-poisoning.  The  oxidation  resistance  is  significantly  enhanced  by  the  protective  coating  with  a 
parabolic  rate  constant  of  5.8  x  10-13  gr2  cm-4  s-1,  meanwhile  the  electrical  conductivity  is  considerably 
improved  due  to  inhibited  growth  of  resistive  Cr203  oxide  scale.  The  area  specific  resistance  at  tem¬ 
peratures  between  550  and  800  °C  is  in  the  range  of  11.5  and  22.2  mO  cm2. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  the  green  energy  conversion  equipments  which 
convert  fuels  directly  into  electricity.  Due  to  low  environmental 
impact  and  high  efficiency,  they  may  play  an  important  role  in 
future  clean  energy  generation.  Nonetheless,  high  cost  is  still  an 
important  obstacle  to  the  commercialization  of  this  technology. 
Because  of  higher  energy  conversion  efficiency  and  excellent  fuel 
flexibility,  solid  oxide  fuel  cells  (SOFC)  have  received  the  most 
attraction  among  the  various  kinds  of  fuel  cells.  So,  development  of 
less  expensive  materials  and  simpler  manufacturing  processes  for 
SOFC  components  is  required  [1  . 
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Interconnect  is  a  critical  component  of  the  SOFC  that  physically 
separates  the  oxidant  and  fuel  gases,  distributes  the  gases  to  elec¬ 
trodes  and  provides  electrical  connections  between  single  stacks. 
Because  of  the  high  operating  temperature,  requirements  for  the 
interconnect  materials,  such  as  high  temperature  oxidation  resis¬ 
tance,  high  electrical  conductivity  and  thermal  expansion 
compatibility  with  other  cell  components  are  essentially  stringent 
[2-4]. 

Ferritic  stainless  steel  alloys  as  interconnects  have  attracted 
more  attention  due  to  their  low  raw  materials  cost,  excellent 
formability,  relatively  higher  toughness  and  mechanical  strength, 
and  higher  electrical  and  thermal  conductivities  compared  to 
traditional  ceramic  alternatives.  Nevertheless,  they  have  low 
resistance  against  Cr203  evaporation  in  the  SOFC  operation  envi¬ 
ronment.  The  volatile  chromium  species  such  as  Cr03  and 
Cr02(0H)2  can  contaminate  the  cathode  and  cause  rapid  degrada¬ 
tion  of  cell  performance  [1-12]. 
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One  of  the  most  effective  approaches  to  improve  the  ferritic 
stainless  steel  interconnect  performance  is  to  apply  a  surface 
coating  to  enhance  conductivity  and  reduce  oxide  scale  growth  and 
Cr  volatility.  Generally,  spinels  can  serve  as  barriers  to  Cr  cation 
migration  and  possess  high  electronic  conductivity;  therefore, 
spinels  that  contain  no  Cr  are  favored  for  the  coating  application  to 
meet  all  the  requirements  [2,3,13-21].  Investigations  show  that 
cobalt  spinels  usually  have  the  lowest  thermal  expansion  coeffi¬ 
cient  (TEC)  and  the  highest  thermal  stability  between  room  tem¬ 
perature  and  900  °C.  The  cobaltite  conductivity  can  be  improved  by 
the  presence  of  manganese  and/or  copper  elements  because  of 
their  multiple  valence  states  [22]. 

In  this  study,  Cu-Co  spinel  coating  was  applied  on  the  surface  of 
the  AISI  430  ferritic  stainless  steel  by  using  a  cost-effective  sol-gel 
dip-coating  process  that  is  readily  applicable  to  metallic  in¬ 
terconnects  with  various  shapes.  Oxidation  kinetics,  growth  of 
oxide  scale  and  area  specific  resistance  of  coated  and  uncoated  AISI 
430  were  evaluated. 

2.  Experimental 

2.1.  Specimen  preparation 

Commercial  ferritic  stainless  steel  AISI  430  (Hard ox)  was  used  as 
substrate.  The  chemical  composition  of  the  alloy  is  listed  in  Table  1. 
The  sheet  was  cut  into  pieces  with  dimensions  of  10  x  10  x  1  mm 
coupons  and  each  piece  was  polished.  The  polished  substrates  were 
ultrasonically  washed  in  with  distilled  water  and  acetone  for 
10  min,  rinsed  in  water  and  alcohol  and  finally  dried  in  oven  at 
100  °C. 

The  sol-gel  solution  for  applying  Cu-Co  spinel  (nominal 
Q1C02O4)  coating  was  prepared  by  using  proportional  amounts  of 
copper  nitrate  tri-hydrate  (Cu(N03)2-3H20),  cobalt  nitrate  hexa- 
hydrate  (Co(N03)2-6H20),  acid  citric  monohydrate  and  ethylene 
glycol.  Dip-coating  process  was  utilized  to  coat  the  solution  on  the 
surface  of  the  prepared  samples.  A  group  of  coated  samples  were 
heated  in  a  reducing  atmosphere  (5%  H2  +  Ar)  for  2  h  at  800  °C  and 
then  exposed  to  800  °C  air  for  another  2  h,  these  are  termed  the 
“pre-reduced”  samples.  Other  group  of  samples  were  heated  in  an 
oxidizing  atmosphere  for  2  h  at  800  °C,  these  are  termed  the  “pre¬ 
oxidized”  samples.  Reducing  atmosphere  was  employed  to  alleviate 
substrate  oxidation  during  the  formation  of  the  spinel  coating  and 
improve  the  interface  adhesion  [2,3,6,20]. 

2.2.  Measurements  and  characterization 

The  oxidation  kinetics  of  coated  and  uncoated  steel  coupons  was 
investigated  by  performing  cyclic  oxidation  tests  in  stagnant  air. 
The  samples  were  oxidized  at  800  °C  in  air  for  50  h  and  then  cooled 
to  room  temperature,  This  procedure  was  repeated  10  times.  The 
oxidation  weight  gain  of  each  sample  after  every  cyclic  test  was 
measured  by  using  a  GD503  electronic  balance  with  an  accuracy  of 
10~4  gr. 

Electrical  resistance  measurements  of  the  samples  were  per¬ 
formed  using  a  DC  two-probe,  four-point  technique.  Area  specific 
resistance  (ASR)  of  the  uncoated  and  spinel-coated  samples  was 
investigated  as  a  function  of  time  at  800  °C  for  500  h  (isothermal 
oxidation).  To  reduce  the  ohmic  resistance,  the  silver  mesh  was 
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Fig.  1.  Schematic  diagram  of  the  ASR  measurement  setup  utilizing  the  DC  two-probe 
four-point  method. 

installed  on  both  sides  of  the  samples  by  silver  paste.  A  constant 
current  of  200  mA  was  passed  through  two  silver  wires  and  the 
voltage  was  recorded  every  30  min.  The  data  were  used  to  calculate 
the  resistance  and  ASR.  The  effect  of  temperature  on  the  ASR  of 
oxidized  samples  (for  500  h)  was  investigated  in  the  range  of  550- 
800  °C.  Fig.  1  shows  a  schematic  diagram  of  the  setup  used  for  the 
measurement  of  the  ASR. 

The  crystal  structure  of  the  coating  was  analyzed  by  X-ray 
diffraction  (XRD)  method  using  a  Philips  X’pert  MPD  diffractometer 
with  Cu-ka  radiation.  Microstructure  and  elemental  analysis  of  the 
samples  were  investigated  using  field-emission  scanning  electron 
microscope  (FE-SEM,  TESCAN  model  MIRA3  LM)  with  an  energy 
dispersive  X-ray  (EDX)  analyzer. 

To  examine  whether  CUC02O4  can  be  used  as  a  conductive 
coating  material  for  ferritic  stainless  steel,  the  TEC  and  electrical 
conductivity  of  spinel  were  measured.  To  investigate  these  pa¬ 
rameters,  rectangular  bulk  sample  of  CuCo204  spinel  was  prepared 
and  sintered  at  1100  °C  for  4  h.  The  size  of  the  sample  was 
5x6x25  mm.  TEC  measurement  was  done  by  using  an  NETZSCH 
DIL  402  dilatometer  from  room  temperature  up  to  800  °C.  The 
electrical  conductivity  was  measured  by  the  standard  DC  four-point 
technique  from  500  to  800  °C. 

3.  Results  and  discussion 

3.1.  Electrical  conductivity  and  TEC  of  CUC02O4 

Fig.  2  shows  the  thermal  expansion  curve,  from  which  the  TEC  of 
the  sample  was  calculated.  Over  the  temperature  range  of  25- 
800  °C,  the  TEC  of  Q1C02O4  is  11.4  x  10-6  K_1  which  is  very  close  to 
the  TEC  of  ferritic  stainless  steel  ( ~  12  x  10^6  K  1 ).  The  temperature 
dependence  of  the  electrical  conductivity,  a  for  the  Q1C02O4  spinel 
in  air  is  shown  in  Fig.  3.  The  conductivity  of  the  spinel  is  15.2  and 


Table  1 

Chemical  composition  of  the  AISI  430  alloy. 


Elements 

Fe 

Cr 

Mn 

Cu 

Co 

Ni 

Mo 

Al 

Si 

C 

S 

V 

Weight  percent 

81.65 

17.55 

0.25 

0.13 

0.05 

0.127 

0.019 

0.015 

0.15 

0.046 

0.001 

0.012 
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Fig.  2.  Thermal  expansion  of  CuCo204  bulk  sample  measured  from  room  temperature 
to  800  °C. 

27.5  S  cm"1  at  500  and  800  °C,  respectively.  Although,  these  results 
are  more  desirable  compared  to  other  reported  results,  but  they  are 
still  lower  than  those  obtained  for  (Cu,  Mn^C^  and  (Co,  Mn)304 
spinels  [22  .  However,  it  is  acceptable  for  the  metallic  interconnect 
protection  layer,  which  is  usually  relatively  thin,  within  1-50  pm  in 
thickness.  There  is  a  linear  relationship  between  ln(oT)  and  1/T, 
therefore  the  activation  energy  (E)  of  the  bulk  sample  can  be 
calculated  according  to  the  following  equation 


oT  =  k  exp  (jjj)  (1) 

where  R  is  the  gas  constant  and  k  is  a  constant  that  depends  on 
sample  properties  [1  . 

In(ff),  (S/cm) 


Apparently,  both  electrical  conductivity  and  TEC  results  reveal 
that  Q1C02O4  spinel  is  potentially  suitable  to  be  used  as  an  alter¬ 
native  protection  coating  for  SOFC  metallic  interconnects. 

3.2.  Structural  and  microstructural  properties  of  coating 

Fig.  4  shows  the  XRD  pattern  of  the  pre-reduced  as-coated  AISI 
430  alloy  coupon  before  oxidation  test.  Other  than  the  signals  from 
the  substrate,  Q1C02O4  and  Cr203  phases  were  detected,  which 
reveal  that  the  AISI  430  alloy  was  oxidized  during  the  heat  treat¬ 
ment  for  coating  development. 

Fig.  5(a)  and  (c)  represents  the  surface  morphologies  of  “pre¬ 
reduced”  and  “pre-oxidized”  samples,  respectively.  The  application 
of  reducing  atmosphere  pre-treatment  significantly  affects  the 
morphology  and  structure  of  the  spinel  coatings.  Using  a  reducing 
atmosphere  leads  to  formation  of  a  uniform,  dense  and  crack-free 
surface  structure,  while  many  cracks  and  holes  exist  on  the  sur¬ 
face  of  the  “pre-oxidized”  sample.  This  indicates  that  the  reducing 
atmosphere  is  a  possible  solution  to  prevent  the  cracking  and 
spallation  of  the  applied  coating.  These  results  are  consistent  with 
the  previous  reported  data  2,3,6,20  .  The  EDS  results  of  “pre¬ 
reduced”  and  “pre-oxidized”  surfaces  (Fig.  5(b)  and  (d)  respec¬ 
tively)  show  that  the  outmost  scale  is  rich  in  Cu  and  Co  for  both 
samples. 

Fig.  6  demonstrates  the  cross-sectional  morphology  and  the  EDS 
line  scan  of  the  “pre-reduced”  as-coated  AISI  430  alloy.  A  homo¬ 
geneous  and  dense  oxide  layer,  approximately  8  pm  thick,  was 
formed  on  the  substrate.  The  EDS  analysis  (Fig.  6(b))  shows  that  the 
outer  oxide  layer  contains  primarily  Cu  and  Co,  and  the  inner  oxide 
layer  mainly  consists  of  Cr,  so  these  layers  are  made  of  Q1C02O4  and 
Cr203,  respectively. 

The  cross-section  morphology  and  corresponding  EDS  line  scan 
of  the  uncoated  and  “pre-reduced”  as-coated  AISI  430  alloy  cycli¬ 
cally  oxidized  at  800  °C  in  air  for  up  to  500  h  are  shown  in  Figs.  7 
and  8.  For  the  uncoated  sample,  thickness  of  the  oxide  scale  is 
about  12  pm.  The  EDS  line  scan  profile  in  Fig.  7(b)  indicates  that  the 
scale  is  comprised  a  Cr-rich  inner  layer  adjacent  to  the  alloy  sub¬ 
strate  and  a  Fe-rich  outer  layer,  suggesting  a  fast  outward  diffusion 
of  Fe  from  the  substrate  into  the  scale.  Formation  of  porosity  at  the 
interface  of  the  Fe-rich  and  Cr-rich  layers  (Fig.  7(a))  is  attributed  to 
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Fig.  3.  Arrhenius  plot  of  the  electrical  conductivity  of  CuCo204  from  500  to  800  °C. 
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Fig.  4.  XRD  pattern  of  the  pre-reduced  as-coated  AISI  430  alloy  after  heat  treatment. 
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Fig.  5.  Surface  morphology  (a),  EDS  result  (b)  of  “pre-reduced”,  and  surface  morphology  (c),  EDS  result  (d)  of  “pre-oxidized”  Cu-Co  spinel-coated  AISI  430  alloy. 
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View  field:  21.67  fjm  Det:  BSE  10Hm 

SEM  MAG:  1 0.00  kx  Date(m/d/y):  07/24/1 3 
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Fig.  6.  Cross-sectional  backscattered  electron  microstructure  (a)  and  EDS  line  scan  profile  (b)  of  the  “pre-reduced”  CuCo204-coated  AISI  430. 


the  large  TEC  difference  between  oxide  layers,  and  inward  diffusion 
of  the  oxygen  ions  through  the  Fe-rich  phase  15,22-25].  In  the 
case  of  the  spinel-coated  sample  (Fig.  8),  the  oxide  scale  is  rich  in  Cr 
and  Fe  in  the  regions  close  to  the  substrate.  The  coated  layer  was 
dense  and  uniform  in  thickness  (about  8  pm)  and  also  it  showed 
complete  adherence  to  the  scale.  In  addition,  no  crack  and  spall¬ 
ation  were  observed  in  the  coating  which  is  due  to  nearly  similar 
thermal  properties  of  the  oxide  scale  and  the  coating. 

Based  on  the  above  results,  it  can  be  concluded  that  the  formed 
coating  via  sol-gel  process  is  relatively  dense  and  thermally  stable 
in  oxidizing  atmosphere.  This  coating  is  effective  on  suppressing 


the  outward  diffusion  of  Cr  and  inward  diffusion  of  oxygen,  which  is 
expected  to  significantly  reduce  the  oxidation  kinetics  and  alleviate 
the  cathode  Cr-poisoning. 

3.3.  Oxidation  kinetics 

Fig.  9  illustrates  the  specific  weight  gain  as  a  function  of  time  for 
uncoated  and  “pre-reduced”  as-coated  steel  coupons.  The  oxidation 
rate  for  uncoated  sample  is  remarkably  higher  than  coated  one,  this 
is  due  to  the  bare  substrate  in  uncoated  samples,  which  oxidizes 
freely.  In  both  of  the  samples,  weight  gain  increased  parabolically 
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Fig.  7.  Cross-section  microstructure  (a)  and  EDS  line  scan  profile  (b)  of  the  uncoated  AISI  430  alloy  cyclically  oxidized  at  800  °C  in  air  for  500  h. 
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SEM  MAG:10.00  kx  Det:  BSE 
SEM  HV:  1 5.00  kV  WD:  15.33  mm 
Date(m/d/y):  09/08/1 3  Vac:  HiVac 
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Fig.  8.  Cross-section  microstructure  (a)  and  EDS  line  scan  profile  (b)  of  the  Q1C02O4  spinel-coated  AISI  430  alloy  cyclically  oxidized  at  800  °C  in  air  for  500  h. 
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Fig.  9.  Oxidation  weight  gain  of  the  CuCo204-coated  AISI  430  alloy  as  a  function  of  cyclic  oxidation  time  at  800  °C  in  air,  in  comparison  with  the  uncoated  AISI  430  alloy. 


with  the  isothermal  oxidation,  satisfying  the  parabolic  kinetics  law 
described  by 

(T )2  -  - 

where  AW  is  the  weight  gain  (gr),  A  is  the  sample  surface  area 
(cm2),  K  is  the  parabolic  rate  constant  (gr2  cm-4  s^1)  and  t  is  the 
oxidation  time  (h).  The  experimentally  obtained  K  of  the  Q1C02O4- 
coated  AISI  430  alloy  is  5.8  x  1CT13  gr2  cm-4  s~\  which  is  signifi¬ 
cantly  lower  than  that  of  the  uncoated  alloy, 
I<  =  3.6  x  1CT11  gr2  cm-4  s_1.  The  bare  substrate  had  a  weight 
change  of  8  mg  cnrT2  after  500  h  isothermal  oxidation,  while  the 
coated  sample  had  a  weight  change  of  3.2  mg  cm-2.  Resulted  I<  for 
CuCo204-coated  is  lower  than  the  one  obtained  for  MnCo204  1  , 
NiCo204  [3  ,  LaCr03  and  Lao.8Sro.2Cr03  [8]  -coated  stainless  steel.  It 
can  be  seen  that  the  oxidation  of  AISI  430  alloy  effectively 
decreased  by  application  of  the  CuCo204  spinel  coating.  Previous 
studies  [1-3, 5, 6, 8  have  confirmed  that  the  oxidation  kinetics  of 


the  both  samples  is  controlled  by  the  cations  outward  diffusion  and 
the  anions  inward  diffusion. 

3.4.  ASR  evaluation 

One  of  the  critical  requirements  for  metallic  interconnect  ma¬ 
terials  is  a  relatively  low  and  stable  electrical  resistance  during 
SOFC  operation.  The  area  specific  resistance  (ASR,  mQ  cm2),  which 
represents  both  the  electrical  conductivity  and  thickness  of  the 
oxide  scale,  is  conventionally  adopted  as  a  measure  of  the  electrical 
performance  of  the  interconnect  [3  . 

3.4.1.  ASR  evaluation  as  a  function  of  time 

The  area  specific  resistance  for  the  uncoated  and  coated  AISI  430 
stainless  steel,  as  a  function  of  time,  is  plotted  in  Fig.  10.  It  can  be 
seen  that  the  bare  AISI  430  alloy  represents  a  pronounced  increase 
in  ASR  from  1  mQ  cm2  to  33.5  mQ  cm2  over  500  h.  However,  the 
ASR  increase  is  about  11  mQ  cm2  and  no  obvious  degradation  is 
observed  for  the  coated  alloy  after  operated  at  800  °C  for  500  h.  ASR 
values  for  the  uncoated  AISI  430  increase  rapidly  with  oxidation 
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Fig.  10.  ASR  values  for  CuCo204-coated  and  uncoated  AISI  430  stainless  steel  at  800  °C  in  air  as  a  function  of  time. 
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Fig.  11.  Area  specific  resistance  of  the  uncoated  and  CuCo204-coated  AISI  430  as  a  function  of  temperature  after  cyclically  oxidation  test  in  air  at  800  °C  for  500  h. 


time  for  up  to  100  h  and  approach  a  constant  value  (33  mQ  cm2) 
after  about  300  h.  The  CuCo204-coated  specimen,  however  shows  a 
very  low  resistance  for  up  to  200  h  of  oxidation  and  no  further 
increase  in  ASR  is  seen  for  the  test  time  of  500  h.  The  slope  of  di¬ 
agram  decreases  with  oxidation  time  increase.  This  behavior  is  well 
consistent  with  the  weight  gain  behavior  of  samples  and  further 
demonstrates  the  acceptable  oxidation  resistance  of  Q1C02O4- 
coated  alloy.  The  resulted  ASR  is  lower  than  the  one  obtained  for 
Mn0.9Yo.iCo204  [7],  LSM  [26],  (La,Sr)Cr03  [27]  and  MnCo204  [28] 
-coated  ferritic  stainless  steel.  Several  factors  can  contribute  to 
the  improved  electronic  conductivity  for  the  CuCo204-coated 
specimen  over  uncoated  AISI  430  steel.  These  include  the  higher 
electrical  conductivity  of  the  scale  consisting  of  Cu-Co  containing 
spinel  layer,  improved  adhesion  of  the  scale  to  the  substrate  and 
elimination  of  scale  spallation  [3,20]. 


3.4.2.  ASR  evaluation  as  a  function  of  temperature 

To  investigate  the  effect  of  temperature  on  the  area  specific 
resistance,  the  ASR  was  measured  at  different  temperatures  (from 
550  to  800  °C)  for  coated  and  uncoated  samples  after  pre-oxidation 
at  800  °C  in  air  for  500  h.  Fig.  11  shows  the  measured  ASR  as  a 
function  of  testing  temperature  for  both  samples.  As  previous 
studies  show  1,3,5,6,8,15  ,  it  can  be  seen  that  the  ASR  increases 
with  decreasing  temperature  and  ln(ASR/T)  is  linearly  proportional 
to  1  /I ;  obeying  the  Arrhenius  equation 


ASR 

~T~ 


where  B  is  a  pre-exponential  constant,  E  is  the  activation  energy, 
and  K  is  the  Boltzmann’s  constant. 

In  the  temperature  range  of  550-800  °C,  the  ASR  reduced  from 
22.2  to  11.5  mQ  cm2  for  the  coated  specimen,  which  is  lower  than 
that  of  the  uncoated  alloy  (33.2-20.2  mQ  cm2).  This  clearly  dem¬ 
onstrates  the  effect  of  applied  coating  on  both  retarding  formation 
of  less  conductive  oxides,  and  formation  of  Cu-Co  spinel,  which  has 
higher  electrical  conductivity  and  TEC  compatibility  with  other 
SOFC  components. 


4.  Conclusion 

For  the  first  time,  the  CuCo204  was  successfully  coated  on  the 
AISI  430  by  sol-gel  process  and  the  performance  of  the  coating  was 
evaluated  in  air  at  800  °C  as  a  protective  barrier  to  oxidation  for  the 
AISI  430  alloy  as  a  metallic  interconnect  material  of  the  interme¬ 
diate  temperature  SOFCs. 

The  electrical  conductivity  and  TEC  of  the  CuCo204  spinel  were 
measured  in  air  at  typical  SOFC  operating  temperatures.  These  re¬ 
sults  suggest  that  CuCo204  is  a  potential  protective  coating  spinel 
for  the  Cr203-forming  stainless  steel  interconnects. 

CuCo204  protective  coating  can  significantly  increase  the 
oxidation  resistance  of  the  AISI  430  alloy  by  limiting  the  access  of 
02  in  air  to  the  outwardly  diffused  cations.  The  parabolic  rate 
constant  of  the  oxidation  kinetics  is  5.8  x  10-13  gr2  cm-4  s_1  for  the 
coated  specimen,  in  comparison  with  3.6  x  1CT11  gr2  cm-4  s-1  of 
the  uncoated. 

The  ASR  is  significantly  lowered  by  the  application  of  a  CuCo204 
coating,  which  is  attributed  to  the  thin  thickness  of  an  electrically 
resistive  Cr203  layer  (about  4  pm)  and  the  formation  of  electrically 
conductive  Cu-Co  spinel  in  the  oxide  scale. 
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